INTRODUCTION
Hormone-receptor-mediated increases in the cytosolic free Ca21 concentration ([Ca2`],ree) often result from both mobilization of Ca2+ from intracellular stores and transmembrane Ca2+ influx [1, 2] . In individual cells, the hormone-stimulated elevation of intracellular [Ca2+] has a complex temporal and spatial regulation, as the rise in intracellular [Ca2+] is often observed as a series of repetitive oscillations, or spikes [3] [4] [5] . The spatial counterpart of a [Ca2+]rree spike is a wave, where an initial local [Ca2+]rree elevation ultimately spreads throughout the cell in a regenerative manner [6] [7] [8] .
The link between hormone-receptor activation and Ca2+ release is the intracellular messenger inositol 1,4,5-trisphosphate (InsP3), which mobilizes Ca2+ by binding to specific intracellular receptors. These receptors also form the channels through which stored Ca2+ is released [9, 10] . In non-excitable cells the Ca2+ spikes and waves, described above, are due to the cyclical and coordinated activation of InsP3 receptors (InsP3R).
The precise mechanism underlying the cyclical activation of InsP3R is unclear, although several models have been proposed [1] [2] [3] [4] [5] 11] . A common feature of these models is the requirement for positive feedback to generate robust regenerative responses. It has been suggested that a likely candidate for providing this feedback is cytosolic Ca2+ itself. In this scheme, InsP3-released Ca2+ diffuses from its site of release to neighbouring InsP3R, and stimulates additional channel activity [2, 11, 12] . This model is supported by experimental observations using several different tissues, which indicate that InsP3 and Ca2+ act synergistically to release Ca2+ [13] [14] [15] [16] [17] [18] [19] .
Although it is a generally accepted hypothesis, the concept of cytosolic Ca2+ feedback being responsible for Ca2+ spiking and wave propagation is not entirely without problems. Firstly, in These data suggest that potentiation of InsP3-induced Ca21 release by Ca2+ in A7r5 cells reflects an interaction between Ca2+ and InsP3 receptors, rather than a decrease in chelator-dependent inhibition. The EC50 for activation of InsP3-induced Ca2+ release by cytosolic Ca2+ was unaffected by ATP, or by changing InsP3 concentration, although InsP3-induced Ca2+ release became less sensitive to the inhibitory effects of cytosolic Ca2+ as the InsP3 concentration was elevated. Increasing HI or Mg2+ concentration shifted the Ca2+-activation curve towards higher Ca2+ concentrations. These data suggest that, in addition to the InsP3-binding site, the affinity of the Ca2+-binding site(s) on InsP3 receptors can be modulated by intracellular cations. some studies, stimulatory effects of cytosolic Ca2+ on InsP3-mediated Ca2+ release were not observed [20, 21] Richardson and Taylor [22] demonstrated that these Ca2+ chelators, in their Ca2+-free form, competitively antagonized InsP3 binding and InsP3-stimulated Ca2+ release. These studies were recently extended by Combettes and co-workers [23, 24] , who showed that the activation of InsP3-mediated Ca2+ release by cytosolic Ca2+in cerebellum was weak when the concentration of Ca2+-free chelator was fixed. These studies suggest that adding increasing amounts of Ca2+ to a fixed concentration of chelator, to give different [Ca2+],ree, results in an apparent increase in the sensitivity of receptors, which could be due to a decrease in the concentration of Ca2+-free chelator. Since observations of synergism between InsP3 and cytosolic Ca2+ are central to our understanding of how complex intracellular [Ca2+] signals are generated, it is important to re-assess whether previously observed cytosolic Ca2+ effects were artefactually enhanced by Ca2+-chelator complexation.
In the present study, we used the smooth-muscle cell line A7r5 as a model system to study effects of cytosolic and luminal Ca2+on InsP3-mediated Ca2+ release. Our data indicate that both cytosolic and luminal Ca2+ potentiated InsP3-induced Ca2+ release, either in the complete absence of Ca2+ chelator, or at a constant Ca2+-free chelator concentration. These data support the idea that synergism between InsP3 and Ca2+ is a physiological mechanism controlling the release of Ca2+ from intracellular were used, since they have a large window of InsP3-releasable 45Ca2+ (approx. 90%; [25, 26] ) and an increased sensitivity to InsP3, compared with 'partially loaded' stores [26] .
Increasing the [EGTA]tree over the range 90,uM to 9 mM, while keeping cytosolic [Ca2+]rree constant at 50 nM, decreased the extent of Ca2+ release from 73 +2 % to 66 + 2 %, and from 31 +2 % to 22 +1 % for 4 ,uM and 0.4 ,uM InsP3 respectively (Figure 1 ). These data, indicating that EGTA was a weak inhibitor of Ca2+ release from A7r5 cells, are consistent with the study by Richardson and Taylor [22] , who observed that EGTA inhibited InsP3 binding to the rat cerebellar InsP3R with an IC50 > 20 mM.
BAPTA was approx. 60-fold more potent than EGTA in inhibiting InsP3 binding to the purified rat cerebellar receptor [22] . Figure 2 illustrates that addition of the SR 60 s Luminal Ca>2 promotes a conformation of InsP.,R giving an increased affinity for InsP:, [30, 32] . Another possibility is that the greater rate of Ca2+ release from more fully loaded Ca2+ stores enhances the positive feedback on the cytosolic side of the receptor [17] . Whatever the mechanism, luminal Ca2+ clearly regulates InsP.,-mediated Ca 2 release in A7r5 cells, and furthermore our data suggest that luminal Ca>2 provides a more effective trigger for Ca> release than do changes in cytosolic [Ca3+] 2,e. For example, the relative amount of Ca2' released by lnsP:, from partially loaded stores in the presence of a maximally stimulating cytosolic Ca3t concentration was always less than that released from fully loaded stores (compare the responses of partially loaded stores at 5.6 ,M [Ca"]f in Figure 3a with the response of cells loaded to 100",, in Figure 3b) (Figure 4 ). However, with 3.2 /,M InsP., there was a significant decrease in the amount of Ca>-released at concentrations. These data raised the possibility that Ca2l release at high InsP3 concentrations was less sensitive to the inhibitory effects of cytoplasmic Ca2+. However, in these experiments both InsP3 and Ca 2+ were added to the permeabilized cells simultaneously, raising the concern that the apparent lower sensitivity of the InsP3R to cytoplasmic Ca2+ at high InsP3 concentrations was simply due to the ability of these InsP3 concentrations to bind and activate Ca2+ release, before the cytoplasmic Ca2+ could exert its inhibitory effect. We therefore adapted the experimental protocol so that the cells were pretreated with 10,uM Ca2+ for 2 min before addition of InsP3. The data presented in Figure 5 show that preincubation of the cells with 10 ,M Ca2+ caused a dramatic decrease in the sensitivity of InsP3-mediated Ca2+ release. This effect, which was much greater than that observed when InsP3 and 10 uM Ca2+ were added together, was consistent with our earlier observations showing that the inhibitory effect of Ca2+ is time-dependent [26] . Additionally, Figure 5 shows that the fractional inhibition of the response due to preincubation with 10 ,M Ca2+ decreased as the InsP3 concentration was elevated. These data confirm that the inhibitory effects of cytoplasmic Ca2' are less pronounced in the presence of high InsP3 concentrations. Similar observations were reported for cerebellar membranes [23] , where elevating InsP3 concentration increased the Ca2+ concentration required to inhibit InsP3-mediated Ca2+ release.
There are two plausible mechanisms that could account for these observations. Firstly, high InsP3 concentrations may promote an InsP3R conformation where Ca2+ cannot bind to the site that mediates inhibition. Secondly, at high cytosolic [Ca2+]rree, InsP3R will be in equilibrium between inactive and active states, as Ca2+ binds to, and then dissociates from, the site that mediates the Ca2+-dependent inhibition. Under these conditions, elevating InsP3 concentration will increase the probability of InsP3 binding and opening the Ca2+ channel, during the period when the InsP3Rs are in an activatable conformation. been suggested that, at its site of production, InsP3 concentration may be much higher than in the bulk cytosol [33] . These data, along with the observations that Ca2+-dependent inactivation of InsP3R is less pronounced at high InsP3 concentrations, presented above, raise the possibility that in discrete areas with high InsP3 concentrations the InsP3R may be continually activated, despite the global changes in [Ca2+]rree. Such discrete areas are likely to be located close to the InsP3-generating enzymes near the plasma membrane. In this location, the InsP3R may also be able to generate a signal for the entry of Ca2+ across the plasma membrane, and could therefore be responsible for the continuous entry of Ca2+ that is required to sustain Ca2+ spiking.
Effects of ATP, Mg2+ and pH on the activation of lnsP3R by cytosolic Ca2+
We investigated the effects ofATP, Mg2+ and pH on the activation of InsP3-mediated Ca2+ release by cytosolic Ca2+. To ensure that our results reflected real effects of these agents on InsP3-mediated Ca2+ release, rather than an effect on the concentration of Ca2-_ free EGTA, the [EGTA],ree was maintained at 0.25 mM in all the experiments described below. This ensured that the apparent changes in sensitivity to cytosolic Ca2+ described below were not complicated by the small inhibitory effect of Ca2+-free EGTA shown in Figure 1 . Additionally, Ca2+-dependent activation of phospholipase C did not contribute to the data presented below, Previous studies using dog cerebellar membranes have shown that Mg2+ inhibits InsP3-induced Ca2+ release in a concentrationdependent manner [39] . The inhibition of Ca2+ release by Mg2" is probably due to the integrated effect of several independent mechanisms. It has been demonstrated that the binding of InsP3 to its receptor is inhibited by Mg2" in a concentration-dependent non-competitive manner [39] [40] [41] . Additionally, millimolar levels of Mg2+ will bind to InsP3 itself, possibly decreasing the effective InsP3 concentration [40] . These effects may account for the decreased extent of Ca2+ release that we observed in the presence of 5 mM Mg2` (Figure 6b ). However, decreasing the effective concentration of InsP3 cannot account for the shift in sensitivity to cytosolic Ca2 , since different InsP3 concentrations have similar Ca2+-dependencies (Figure 4) . We therefore suggest that Mg2+ also inhibits the binding of Ca2+ to an activatory site on the InsP3R. The effects of Mg2+ on InsP3-mediated Ca2+ release are clearly complex, with several potential binding sites.
Cytoplasmic alkalinization has been found to increase the sensitivity of InsP3-mediated Ca2+ release [42] [43] [44] , an effect that is commonly ascribed to an increase in the affinity of InsP3R for InsP3 [40, 43, 45, 46] . However, the data presented in Figure 6(c) show that alkalinization sensitized InsP3-mediated Ca2+ release to cytosolic Ca2 , suggesting that there is an interaction between H+ and the Ca2+-binding site on InsP3R. A similar pH-dependent sensitization of InsP3-mediated Ca2+ release to cytosolic Ca2+ was reported by Tsukioka and colleagues [44] . However, in their study, alkalinization only affected the activatory part of the response; there was no apparent shift in the [Ca2+l]ree required for maximal Ca2+ release. These observations differ from the results shown in Figure 6 (c), where alkalinization decreased both the EC50 for Ca2+-dependent activation (from 534 nM to 299 nM) and the [Ca2+],ree required for maximal Ca2+ release (from 5.6 ,uM to 1 M).
The data presented above confirm that the regulation of InsP3-mediated Ca2+ release is complex. In addition to their previously reported effects on InsP3 binding, various cytosolic cations also appear to compete for the Ca2+-binding site(s) on the InsP3R. Changes in the cytoplasmic concentration of these regulatory ions, e.g. the change in pH which can occur during stimulation of cells with growth factors [47] , will alter the activity of the intracellular Ca2+-signalling machinery. 
